Abstract We first propose a new cell loss scheduling scheme, referred to as the QoS-scheme. This scheme can satisfy different individual quality of service (QoS) requirements of a group of virtual channel connections with minimum rcquircd bandwidth. We next derive a simple formula based on Gaussian approxima tion to allocate bandwidth to heterogeneous VBR video confer eneing connections. Comparing the proposed QoS-scheme with the simple last-in-first-out (UFO) scheme, we find that if the LIFO scheme is adopted as the loss scheduling scheme, develop ing any more efficient bandwidth allocation algorithms can at most improve bandwidth utilization by about 10%. However, if the proposed QoS-scheme is implemented, an efficient allocation algorithm can improve bandwidth utilization by roughly 20%.
I. Introduction
Real-time video (e.g., video conferencing, video-an-demand, and switched broadcasted TV programs) is expected to be one of the major services supported by ATM-based B-ISDN. Real-time video traffic can be transmitted in variable-bit-rate eVBR) or constant-bit-rate (eBR). VBR video can take the advantage Df statistical multiplexing gain offered by the ATM technology and, there,ore, is potentially more efficient than the eBR counterpart in bandwidth utilization. However, network resource manage ment of VBR video connections is far more complicated than that of eBR connections. In this paper, we investigate various is sues concerning resource management for VBR video conferenc ing connections in the ATM network. The objective is to deter mine an effective cell loss scheduling scheme coupled with a simple and relatively accurate bandwidth allocation algorithm for VBR video conferencing traffic.
More specifically, we consider the traffic model described in Fig. I . Here, a number of virtual channel connections (Vee), each carrying VBR video conferencing traffic from a particular source, are multiplexed into a common virtual path connection (V PC) by an ATM multiplexer or switch. All vee share the bandwidth allocated to the vpe and they may have different traffic characteristics and different quality of service (QoS) re quirements. We are interested in determining an efficient and ef fective cell loss scheduling scheme and a simple bandwidth allo cation algorithm with which we can satisfy individual QoS re quirements of all vee involved and, at the same time, achieve high bandwidth utilization.
Bandwidth allocation has been the focus of intense research in recent years and numerous approaches have been proposed from both industry and academia (see, e.g., [1, 3, 6, 8, 10-12, 14, 15, 17, 18, 19] ). Most of these works were for VBR connections of on-off sources and only a few were for VBR video traffic. Due to complexity of VBR traffic, especially those of VBR video connections, an accurate estimation usually requires a consider able amount of computation time, making it impossible for real time implementation. Hence, the strategy is to develDp a simple and accurate estimation method. A number of outstanding techniques have been developed for on-and-off VBR traffic. Among them are two most computationally efficient approaches, namely, the effective bandwidth approach [4, 5, 7, 13] and the stationary Gaussian approximation [7] . In [2, 21] , these two ap proaches have been extended to accommodate VBR video conferencing connections with the same QoS requirement. It was found that the effective bandwidth approach over-estimates the bandwidth by a large quantity; that the Gaussian approximation slightly over-estimates the bandwidth and is much more accurate than when it is applied to VBR traffic of on-and-off sources.
In this paper, we further extend the Gaussian approximation approach to cases where all vee are allowed to have different QoS requirements. We also conduct detailed simulation studies on the traffic model in Fig. 1 to examine the accuracy and appli cability of the Gaussian approximation when it is applied to VBR video conferencing traffic.
• .
• ' . . The second major issue concerns cell loss scheduling or cell discarding schemes. The simplest is the last-in-first-out (LIFO) scheme in which cells are transmitted through the vpe in the or der of arrival regardless of their vee identity; however, when a cell arrives and t he buffer is full, it is discarded, again, regardless of its vee identity. The major advantage of this scheme is its implementation simplicity. However, it raises the problems of traffic interference and the waste of bandwidth due to multiple QoS requirements. Traffic interference among different vee causes individual connections to experience different cell loss ra tios (see, e.g., [9, 16, 17, 20] ). If bandwidth allocation is based on the measure of overall cell loss ratio, then the cell loss ratio requirement of some connections may not be satisfied even when the overall cell loss ratio is satisfied. One solution to this prob lem is to allocate bandwidth based on individual performance measures (see, e.g., [16, 17] ) and this requires sophisticatcd com putation to cstimate the required bandwidth. Another solution, initially proposed in [9] for homogeneous vee and later ex tended in [21] to heterogeneous vee, is to eliminate the effect of traffic interference by proper cell loss scheduling.
Although a proper cell loss scheduling scheme can ensure that all vee experience almost the same cell loss ratio, the prob Icm of waste of bandwidth still remains if the vee have different
QoS requirements (or more specifically, different cell loss re quirements). In this case, a common practice is to apply the most stringent QoS requirement to all vee and their bandwidth re quirement is calculated accordingly (see, e.g., [7] ). This however may introduce reduction in bandwidth utilization since some connections may experience a bcttcr ccll loss ratio than they asked for. At this point, one might ask: Is it possible to satisfy individual QoS requirements without bandwidth waste using an ideal cell scheduling scheme? If yes, how? How significant is the waste of bandwidth caused by the simple LIFO scheme when compared with the ideal scheduling scheme? Finally, is it worth implementing such an ideal yet most likely complicated scheduling scheme? To answer the above questions, we have developed a new cell loss scheduling scheme, referred to as the QoS-scheme, which not only eliminates the effect of traffic interference but also ensures that the individual cell loss requirement of any vee can be just satisfied. Since the cell loss requirement is not over-satisfied, this cell loss schcduling scheme yields the best (or the optimal) bandwidth utilization. Although this ideal scheduling scheme may be complicated to implement in an ATM switch, we use it as a reference to compare the performance of various existing schemes, in particular the LIFO scheme; moreover, for the bandwidth allocation problem, it is used to determine a suitable tradeoff betwccn bandwidth utilization and algorithm simplicity. 
II. The Traffic Model
Ioet us consider the traffic model as shown in Fig. 1 . In par ticular, we assume that the ATM multiplexer (or switch) has a buffer capacity of K cells dedicated to the virtual path connec tion (Vpe) with a link capacity of C bits per second (bps). eells from the N vee are transmitted through the vpe on first-in first-out basis. When a cell arrives and the buffer is full, either the arriving cell or one of the cells already in the buffer will be discarded according to a certain cell loss scheduling scheme. The scheduling scheme that always discard the arriving cell is called the LIFO-scheme. Other cell loss schcduling schemes are discussed in the next section.
'B. A sample path of (X�'), n;:: OJ Each vee carries the traffic from a VBR video conferencing source that generates 30 frames per second. Due to video compression, the amount of information contained in a frame, measured in cells per frame (cpf) or bits per second (bps), varies over time stochastically. Let us define X�i) as the number of cells in the nth frame from the ith video source and use the se quence {X�;), n 2: O} to represent the traffic generated by the ith video source. Fig. 2 shows a sample path of a video sequence generated by a DPC�/DCT codee. The cells within a frame are transmitted at a constant rate during the frame interval (1130 sec onds). Hence, the source cell rate may change only at frame boundaries.
A VBR video sequence has two important properties that may not hold for other video sequences such as VBR MPEG video traffic. The first is the stationary property that states that the sequence {X�i), n 2: O} behaves more or less stationary over time [9] . The second property is that a video conferencing sequence does not have frequent scene changes. In other words, abrupt changes in the sequence {X�i), n 2: O} are unlikely to be observed. Since (X�i), n 2 O} is stationary, we can define some of its limiting statistics. In this paper two important statistics, the mean and the variance of X, ;iJ, will be used. They are defined as follows (I) where the use of subscripts implies that different sources (or connections) may have different statistical characteristics. We point out that other characteristics such as the peak rate sup n�() { X�i)} and those characterizing the correlation are also important for other purposes (e.g., the peak rate can be used for policing the incoming traffic). Finally, we assume that the vce may have different QoS requirements. Among all the potential QoS parameters, we are only interested in the cell loss ratio and use eLRj to denote the cell loss ratio specification for the ith source (or VCC i). Cell delay and cell delay variation can be accommodated using a relatively small buffer.
The aggregate traffic of several VCC carrying VBR video conferencing traffic is far more complicated. Since the frames from different connections are not synchronized, the relative positions of the frame boundaries of the VCC are randomly dis tributed but this random pattern occurs periodically (i.e., every 1130 second). Performing a complete queueing analysis to ob tain performance measures concerning the various cell loss scheduling schemes would be mathematically intractable. Our traffic model is therefore represented by an event driven simula tion using data generated from the real VBR video conferencing sequence. The event set of our discrete event system are N cell arrivals (one frqm each of the N sources) and one departure. Since the sequence {X�i), n 2: O} is a stationary stochastic process we can generate different video sequences (having the same statistical characteristics) from one data sequence using the method suggested in [9] . This is done by simply using the exist ing data sequence, starting at a randomly selected initial frame, and proceeding through the data sequence while considering it as a circular list. In this paper, we generate all of our source traffic 373 from a sequence of real VBR video conferencing data (over 3S,000 frames) obtaincd from a DPCM/DCT codcc. To speed up the simulation whose running time depends on the total number of cells processed, we scale the real data by a factor of f3, where 0 < f3 < 1. For example, if {Xn' n;;:: O} is the real data sequence, the scaled sequence is {f3 Xn' n 2: O} that has a smaller number of cells per frame. To generate sequences with different statistical characteristics, we apply different scaling fac tors to the real data sequence. Three classes of sourcc data are produced by scaling down the original sequence by factors of 0.05,0.2, and 0.1, respectively. These are referred to as Class 1, Class 2, and Class 3, rcspectively; their corresponding traffic statistics as well as the cell loss ratio (CLR) requirements are given in Table I .
III. Cell Loss Scheduling Based on QoS Measurements
Cell loss scheduling is a technique used to determine which cell to discard especially when the buffer is full. The simplest scheme, called the LIFO-scheme, is to discard the arriving cell whenever the buffer is full. Under this scheme, different VCC may experience different cell loss ratios even when they have the same traffic characteristics and the same cell loss requirements. To overcome this problem, a· cell loss scheduling scheme was proposcd in [9] ; its basic idea is described as follows. For each VCC, say VCC i, a loss counter Lj is used to record the total number of discarded cells up to the present time. When a cell from VCC i arrives and the huffer is full, the VCC that has the smallest counter value and has at least one cell in the buffer is selected. Suppose it is vee j. If i "# j and Lj > L j , then the last cell from vce j in the buffer is discarded, Lj is increased by one, and the arriving cell joins the end of the queue. Other wisc, the arriving cell is discarded and Lj is increased by onc. This cell loss scheduling scheme makes an effort to ensure that the total number of discarded cells from each VCC is equal. This scheduling scheme is referred to as the L-scheme.
Since the L-scheme tends to even out the total numbers of discarded cells (not the cell loss ratio) among all VCC, individual cell loss ratios can still be different if the VCC do not have the same traffic characteristics or if they have different connection (session) intervals (e.g., one VCC's scssion timc can be 10 min utes while the other is only 2 minutes). In the heterogeneous traffic case, VCC with heavy traffic usually experience smaller cell loss ratios than those with light traffic. In the case of differ ent session intervals, VCC that have shorter session intervals and have started later than those with longer session intervals may ex perience larger cell loss ratios.
To overcome this difficulty, the L-scheme is modified in [2IJ. Hcre, in addition to the countcr Lj, another counter, called .4;, is used to record the total number of cells having arrived from vee i; the cell loss ratio Ri '" Li / A, is calculated each time thc arriving cell sccs the buffer full. When a cell from VCC i arrives and the buffer is full, the VCC that has the smallest cell loss ratio and has at least one cell in the buffer is determined. Suppose it is VCC j. If i "# j and Rj > R i , then the last cell from VCC j in the buffer is discarded, L; and R j are updated, and the arriving cell joins the end of the queue. Otherwise, the arriving cell i, di,cardcd and Lj, A i ' and Rj are updated. This scheduling scheme attempts to even out the cell loss ratios among VCC with different traffic characteristics and session in tervals. This is referred to as the R-scheme.
The R-scheme is applicable when all VCC have the same cell loss ratio requirements. If several VCC have different QoS loss requirements, then it makes no sense to schedule their cells to even out their cell loss ratios. We thus introduce a new schedul ing scheme called the QoS-scheme which atlempts to force the cell loss ratio of each VCC to approach as close as possible to wards its targeted cell loss ratio (CLR) specification given in the traffic contract. This scheme calculates the ratio R, as defined in the R-scheme and takes it a step further by calculating the rela tive error with respect to the target value CLR;: Ej = (Rj -CLRJ I CLR;.
(2)
When cl cell from VCC i arrives and the buffer is full, the VCC that has the smallest relative error and has at least one cell in the buffer is selected. Again, suppose it is VCC j. If i � j and Ei > Ej' then the last cell from VCC j in the buffer is discarded, L j ' R J , and EJ are updated, and the arriving cell joins the end of the queue. Otherwise, the arriving cell is discarded, and Li' Ai' R;, and E; are updated. In theory, this cell loss scheduling scheme can meet the individual cell loss ratio of a VCC with minimum bandwidth requirement.
To compare the performance of the above four cell scheduling schemes, we have done extensive simulation studies.
Here, we present some of the results. The first set of simulations were run with 10 homogeneous sources that are drawn from Class 1 as defined in Table I . We use a bandwidth of C = 11.909 Mhps and a huffer size of K = 100 cells. The results are shown in Table 2 as follows. For the LIFO-scheme the sample cell loss ratios have the largest variation as expected. The L-scheme forces the cell loss ratio of each VCC to exactly thc same value. For homogeneous sources generated from the same sequence of data (see discus sions in the last section) the total number of arriving cells are the same. Coupled with the fact that the L-scheme matches the number of cell losses, it explains why L-scheme gives identical cell loss ratios for each homogeneous source. The R-scheme evens out the cell losses more than LIFO but not as much as the L-schemc does. Thc cell loss ratio Ri is dynamically changing as cells arrive SO t he cell discarding policy in the R-scheme as compared to the L-scheme is different: some VCC may have more cells arrived before those of othcr vee but the decision to discard cells in the R-scheme does not anticipate the fact thal in the end of the simulation the numbers of arrivals for all vec will be the same. Since all sources have the same CLR requirements, the QoS-scheme acts identical to the R-scheme. Our conclusion is that for homogeneous sources with the same CLR value, the LIFO-scheme performs the worst; the L-scheme performs the best; and the R-scheme and the QoS-scheme are almost as good as the L-scheme.
What happens when we need to multiplex vec with different traffic characteristics and different cell loss ratio requirements? To see this, we present the next set of simulations which uses 4 VCC from each of the 3 classes defined in Table 1 , We use a bandwidth of C = 35.535 Mbps and a buffer size of K = 50 cells. Table 3 shows the cell loss ratios from this set of simulations. The L-scheme matches cell losses among all vee: within each class, the L-scheme leads to similar cell loss ratios as already seen in Table 2 . Since each of the 3 classes has a drastically different number of cells that arrive, the L-scheme leads to very different cell loss ratios across the different classes.
For example, sources from Class 3 that have the most s trict QoS requirement end up having a cell loss ratio larger than those sources of Class 2 that have a less strict QoS requirement. The R scheme leads to cell loss ratios quite similar across all sources irrespective of class. This scheme performs well if all sources had the same QoS requirements, but unfortunately with multiple QoS requirements the R-scheme falls short. However, the QoS-scheme deals well with multiple QoS re quirements. Instead of evening out cell losses or cell loss ratios, the QoS-scheme evens out the relative errors that occur from the differences between the actual cell loss ratios and the correspond ing CLR requirements. We have observed the following in our simulation experiments: for small output bandwidth such that all CLR requirements are violated under all schemes, the QoS scheme will try to even out the degree of violation across all classes and sources; for large output hand width such that the CLR requirements are exceeded under all four schemes, the QoS scheme will try to even out the degree of surplus across all classes and sources. Thus, we conclude that QoS-scheme is a fair loss scheduling discipline. Therefore, we only consider the former approach in the rest of this paper.
IV. Bandwidth Allocation
The objective of this section is three-fold. First, we will ex tend the Gaussian approximation to the case of VBR video con ferencing connections with different cell loss ratio requirements.
Next, we will determine which of the four cell loss scheduling schemes can be coupled with the Gaussian approximation, i.e., we will examine whether the amount of bandwidth calculated using the Gaussian approximation is sufficicnt to satisfy the cell loss ra tio requirements of all VCC under each of the four scheduling schemes. Finally, we hope to determine the best cell scheduling scheme regarding simplicity, bandwidth utilization, and individ ual QoS guarantees.
According to the Gaussian approximation, for a VBR traffic stream whose rate has a mean of 11 and a standard deviation of (), the required bandwidth is estimated to be [7] :
where CLR is the cell loss ratio requirement of the traffic. For a group of VCC with different cell loss ratio requirements, there are two approaches to apply the Gaussian approximation formula (3). In the first approach, we treat the aggregate traffic as one traffic stream and adopt the most stringent cell loss ratio re quirement. Hence,
where f./ = I.�IPi' (}2 = I.�t (}i2, and CLR,.. i n = min(CLRp CL�, L , CLR N ). The approximation formula (4) is refereed to as Approximation I in the paper.
In the second approach, the Gaussian formula is applied to calculate the bandwidth requirement of each individual VCC based on its own traffic characteristics and cell loss ratio specifi cation. The total bandwidth required is simply the sum of those required by individual VCC. Hence, we have
where Ci = J.li + (}i�-ln(2n) -21n CLRi . We now examine how well the two Gaussian approximation formulas perform under different cell loss scheduling schemes.
First, we consider the case of homogeneous sources which are generated from Class 2 as defined in Tablc We next consider the case of heterogeneous sources where all three classes defined in Table 1 are used. The first set of runs that we present use sources that are generated from Class 1, Class 2, and Class 3 in an even proportion. For thcsc runs, we use the following combination of sources from Classes 1, 2, and 3, re spectively: 2-2-2, 4-4-4, 6-6-6, 8-8-8, 10-10-10, and 12-12-12. The bandwidth requirements for each of the cell loss scheduling schemes and for each of Gaussian formulas are given in Fig. 4 .
We first observe that the two Gaussian approximation meth ods again consistently overestimate the bandwidth under each of the cell 1055 scheduling schemes. However, Approximation 1 scems to perform much better than Approximation 2. To com pare the various scheduling schemes, we notice that the required bandwidth when using the QoS-scheme is the lowest among those of other schemes. In fact, as the number of sources is increased the slope of bandwidth curve from the QoS-scheme decreases at a greater rate than that of the other schemes. This observation means that the QoS-scheme performs even better as the number of sources is increased. The power behind the QoS-scheme lies from the fact that this scheme is the only one that tries to satisfy individual QoS requirements from all VCe. It does this by evening out the relative errors that occur when the individual cell loss ratios differ from the corresponding CLR requirement. The L-seheme and the R-scheme perform about the same as the LlFO-"eheme.
The next set of runs that we present involves heterogeneous sources generated from Class 1, Class 2 and Class 3 in the proportion 3: 1 :2. That is, we use the following combination of sources from classes 1, 2, and 3, respectively: 3-1-2, 6-2-4, 9-3-6, 12-4-8, 15-5-10, and 18-6-12. The results are shown in Fig. 5 . The observations made from the first set (Fig. 4) extend to this set as well, which gIves more credence to our conclusions. We have performed a third set of heterogeneous runs as well with a different proportion of class 1, class 2, and class 3 sources. We will not show the results here as the findings are similar to the previous two sets of runs. Number of sources 
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We now determine which of the four cell loss scheduling ,chemes can he coupled with the Gaussian approximations. It is quite clear from the above observations that the two Gaussian ap proximation methods consistently overestimate the bandwidth reqUIred by any of the four cell loss scheduling schemes in both the homogeneous source case and the heterogeneous source case. This implies that if the Gaussian formulas were used to al locatc bandwidth to a group of VCC, then no matter which scheduling scheme is used the cell loss ratio requirement of all VCC would be satisfied. Between the two Gaussian approximation formulas, Approximation 1 provides a tighter bound than Approximation 2 and hence it yields a better bandwidth utiliza tion.
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Now, the question is: which cell loss scheduling scheme should be adopted? The answer to this question depends on two factors. The first is the tradeoff between bandwidth utilization and the cost of implementation. Clearly, the LIFO-scheme is the most inexpensive one to implement. For the L-scheme, a counter is needed for each VCC and each time the buffer is full a search is needed to find the smallest L; value to decide which cell to discard. Both requirements may be expensive to meet with exist ing technology. The R-scheme and the QoS-scheme are more expensive to implement. In terms of bandwidth utilization, the QoS-schcme is undoubtedly the most efficient one while the other three schemes perform more or less the same. Therefore, the choice is really between the LIFO-scheme and the QoS scheme. To see how much bandwidth can be saved by using the QoS-scheme instead of the LIFO-scheme, we present the savings in percentage in Table 6 for the two sets of runs shown in Fig. 4 and 5. Here, we notice that the savings are less than 10%. The second factor is the existence of a coupling bandwidth allocation algorithm that makes use of the specific features of the chosen scheme to improve bandwidth utilization. Due to com plexity of the QoS-scheme, there does not seem to be any simple bandwidth allocation algorithm that is particularly suitable for the QoS-scheme. If the Gaussian approximation formula (4) is used to allocate bandwidth, then there is really no savings in bandwidth when the QoS-scheme rather than the LIFO-scheme is used. V. Conclusions
In this paper, we studied the problems of cell loss scheduling and bandwidth allocation for an ATM multiplexer loaded with several VCC carrying heterogeneous VBR video conferencing traffic. We introduced a new cell loss scheduling scheme (called the QoS-scheme) that intends to eliminate the effect of traffic interference among different VCC and at the same time guarantee their individual QoS requirements. We compared the performance of the QoS-seheme with those of other scheduling schemes, including the UFO-scheme, using detailed simulations of the traffic model. We found that the QoS-scheme requires the smallest amount of bandwidth, as compared to the other schemes, needed to guarantee different individual cell loss requirements of the VCC involved. In theory, we conjecture that the QoS-scheme is the most efficient scheme in terms of bandwidth utilization. However, it may be too expensive to be implemented in a switch with today's technology. The major contribution of the QoS scheme in this paper is its role as an ideal model with which wc can judge the performance of the existing scheduling schemes and bandwidth allocation algorithms and determine a suitable coupling between the two. From our comparison study, we found that the savings in bandwidth that can be achieved by us ing the QoS-scheme instead of the simple LIFO-scheme is only less than 10% in all cases considered in this study. This suggests that the UFO-scheme is not far off the ideal situation.
For bandwidth allocation, we extended the Gaussian approx imation method to the traffic model considered in this paper. We derived two formulas for the calculation of bandwidth require ment. In the first one, the bandwidth requirement is calculated based )11 the traffic characteristics of the aggregate traffic and the most stringent QoS requirement. In the second method, it is calculated as the sum of the bandwidth requirements of individ ual VCC, each being computed based on individual traffic char acteristics and QoS requirement. Our studies showed that both methods consistently over-estimate the bandwidth required under any of the four scheduling schemes. Furthermore, the first method gives a tighter upper bound on bandwidth requirement and therefore it is more efficient in terms of bandwidth utiliza tion. When this method is applied to the LIFO scheduling scheme, the over-estimation in bandwidth is in most cases under 10% .
In summary, our findings seem to suggest that the LIFO scheme is still the most attractive cell loss scheduling scheme: It is inexpensive and Uses less than 10% extra bandwidth as compared with the most efficient scheme.
When the Gaussian approximation (method 1) is coupled with the LIFO-scheme, about 10% more bandwidth will be required. In other words, if the LIFO-scheme is adopted, developing a more efficient bandwidth allocation algorithm can at most improve bandwidth utilization by about 10%. On the other hand, if the sophisticated QoS-scheme is implemented, then a new allocation algorithm can improve bandwidth utilization by a factor of roughly 20%.
